Introduction {#Sec1}
============

Acute kidney injury (AKI) is a common complication in septic patients \[[@CR1], [@CR2]\]. The primary resuscitation strategy for these patients is fluid resuscitation, which aims to improve organ perfusion and oxygenation and thereby prevent (multiple) organ failure. For the kidney, however, the actual contribution of hypoperfusion to the pathogenesis of AKI has recently been challenged \[[@CR3], [@CR4]\]. In a model of hyperdynamic sepsis in sheep \[[@CR3]\], AKI was associated with renal vasodilation and renal hyperemia, and recovery of renal function was associated with relative vasoconstriction and decrease in renal blood flow. These findings contradict the widely accepted concept that renal hypoperfusion is the underlying cause for development of sepsis-induced AKI. Contrastingly, in animal models with lipopolysaccharide (LPS) as a key mediator of Gram-negative bacterial endotoxemia, it has been reported that LPS-induced endotoxemia is associated with renal hypoperfusion and microvascular hypoxia \[[@CR6]\]. In addition, the hypotensive conditions associated with endotoxemia were also suggested to participate in activation of the systemic inflammatory response and consequent depression of renal perfusion and oxygenation \[[@CR7], [@CR8]\]. In this line, it is possible that even a brief period of renal hypoperfusion prior to the start of fluid resuscitation could result in an ischemia--reperfusion insult that injures the renal microcirculation and potentially leads to microvascular perfusion and oxygenation heterogeneities and ultimately to AKI \[[@CR9], [@CR10]\]. However, insight into renal microvascular perfusion and oxygenation heterogeneity during endotoxemia and resuscitation is still lacking, and the contribution of systemic hypotension and renal hypoperfusion during endotoxemia to renal microcirculatory dysfunction remains to be elucidated.

Endotoxemia has also been associated with impaired ability to increase oxygen extraction, even in the presence of normal or elevated cardiac output and systemic oxygen delivery \[[@CR11], [@CR12]\]. This finding has led to the concept that oxygen consumption/supply dependency in sepsis is a direct result of regional rather than global oxygen delivery insufficiencies due to heterogeneity in microvascular perfusion and oxygenation \[[@CR13]--[@CR17]\]. This may explain why organ failure continues to progress even after blood pressure and cardiac output are restored \[[@CR11], [@CR12]\].

Hence, while it has been shown that fluid resuscitation decreases mortality in septic shock \[[@CR5]\], controversy exists regarding the role of renal hypoperfusion (and thus the therapeutic value of fluid resuscitation) in sepsis-induced renal microcirculatory dysfunction. The purpose of the present study is therefore to investigate the role of renal hypoperfusion in development of renal microcirculatory dysfunction in endotoxemic rats. We hypothesized that prevention of endotoxemia-induced hypotension by immediate fluid resuscitation would prevent development of renal microcirculatory dysfunction. To this end, we studied the efficacy of immediate fluid resuscitation to prevent endotoxemia-induced systemic hypotension and renal hypoperfusion (compared with that of delayed fluid resuscitation) with respect to protection of the renal microcirculation in a rat model of LPS-induced endotoxemia. Microvascular perfusion histograms in the renal cortex were assessed using laser speckle imaging (LSI), and microvascular oxygen tension histograms were assessed using phosphorimetry. Furthermore, IL-6, IL-10, and TNF-α were measured as markers of systemic inflammation, and renal tissue samples were stained for leukocyte infiltration and iNOS expression in the kidney.

Methods {#Sec2}
=======

Animal preparation {#Sec3}
------------------

All experiments in this study were reviewed and approved by the Animal Research Committee of the Academic Medical Center at the University of Amsterdam, The Netherlands. Care and handling of animals was performed in accordance with the guidelines of the Institutional Animal Care and Use Committees. Experiments were performed on 24 male Wistar rats (Harlan, The Netherlands) with mean ± standard error of the mean (SEM) body weight of 351 ± 27 g. A more detailed description of the materials and methods is provided in the Electronic Supplementary Material (ESM). The rats were anesthetized, mechanically ventilated, and cannulated to monitor arterial blood pressure and heart rate and for continuous infusion of Ringer's lactate (Baxter, Utrecht, The Netherlands) at rate of 15 ml/kg/h. The left kidney was decapsulated and immobilized, and renal blood flow (RBF) and aortic blood flow (AoBF) were measured and renal vascular resistance (RVR) was calculated. The left ureter was cannulated with a polyethylene catheter for urine collection.

Experimental protocol and measurements {#Sec4}
--------------------------------------

The rats were randomized into four groups: (1) a sham operation group (SHAM, *n* = 5), (2) an LPS control group (LPS, *n* = 5), (3) an LPS group with immediate fluid resuscitation (EARLY, *n* = 7), and (4) an LPS group with delayed (i.e., 120 min) fluid resuscitation (LATE, *n* = 7). Fluid resuscitation was performed with colloid solution (Voluven^®^, 6% HES 130/0.4; Fresenius Kabi Nederland B.V., Schelle, Belgium) at rate of 20 ml/kg/h in the first hour followed by 5 ml/kg/h for the remainder of the experimental protocol. Arterial blood samples (0.5 ml) were drawn at three time points: (1) before infusion of LPS (baseline), (2) 120 min after infusion of LPS, and (3) 300 min after infusion of LPS. Microvascular perfusion and oxygenation were monitored with laser speckle imaging (LSI, Fig. [1](#Fig1){ref-type="fig"}) and phosphorimetry as described in more detail elsewhere (see \[[@CR15]\] and \[[@CR18]--[@CR22]\], respectively). As an indicator of renal function, creatinine clearance (Clear~crea~ \[(ml/min)\]) was assessed as an index of glomerular filtration rate. Plasma concentrations of interleukins (IL)-6 and -10 and tumor necrosis factor (TNF)-α were determined using rat singleplex bead kits (Invitrogen) and read with a BioRad Bioplex 100 (BioRad). Induction of inducible nitric oxide synthase (iNOS) and infiltration of leukocytes into the kidney are considered major events in development of septic AKI. Therefore, iNOS immunostaining and anti-myeloperoxidase (MPO) staining were performed. The statistical tests for the graphs and histograms are described in the ESM. All data are presented as mean ± SEM; for all analyses, *p* \< 0.05 was considered statistically significant.Fig. 1Typical laser speckle imaging perfusion maps; perfusion is displayed on a 16-level color palette in a rat receiving LPS infusion (*t* = 30 min) followed by delayed fluid resuscitation (*t* = 300 min)

Results {#Sec5}
=======

All groups received 15 ml/kg/h Ringer's lactate solution during the entire protocol. In addition, the EARLY group and the LATE group received 20 ml/kg/h HES solution in the first hour of resuscitation, followed by 5 ml/kg/h for the remaining duration of the protocol. Hence, in total, the rats in the EARLY group received 40 ml/kg in 300 min and the rats in the LATE group received 30 ml/kg in 300 min.

Systemic hemodynamic parameters {#Sec6}
-------------------------------

The systemic hemodynamic parameters are shown in Fig. [2](#Fig2){ref-type="fig"}. Infusion of LPS induced a biphasic reduction in mean arterial pressure (MAP) in which MAP initially decreased to \~65% of baseline (first 30 min), then increased to approximately baseline level (next 3 h), and ultimately decreased to \~55% of baseline at the end of the protocol (LPS group and LATE group). In the EARLY group, fluid resuscitation prevented the initial decrease in MAP in the first phase, but in the second phase, MAP decreased to \~80% of baseline. Delayed fluid resuscitation in the LATE group improved MAP from \~55% (LPS group) to \~70% of baseline at the end of the protocol.Fig. 2Mean arterial pressure (MAP, **a**), aortic blood flow (AoBF, **b**), renal blood flow (RBF, **c**), and renal vascular resistance (RVR, **d**) during LPS infusion (*t* = 0--30 min) and fluid resuscitation. The LPS group received no fluid resuscitation. In the EARLY group, fluid resuscitation was started simultaneously with LPS infusion. In the LATE group, fluid resuscitation was started with a 2-h delay. \**p* \< 0.05, LPS versus LATE; ^\#^*p* \< 0.05, LATE versus EARLY; ^¤^*p* \< 0.05, LPS versus EARLY

Infusion of LPS induced an immediate reduction in aortic blood flow (AoBF) to \~40% of baseline in the LPS group and the LATE group. In the EARLY group, fluid resuscitation resulted in \~30% elevated AoBF. Delayed fluid resuscitation in the LATE group first increased AoBF to above baseline, after which it decreased to approximately baseline level. Arterial blood gas values are reported in the table in the ESM.

Renal blood flow {#Sec7}
----------------

Renal vascular resistance (RVR) increased rapidly in the LPS and the LATE groups, while it remained stable in the SHAM and the EARLY groups. Late resuscitation was able to restore RVR to its baseline level. RBF followed an inverted pattern and decreased sharply after infusion of LPS to reach \~20% of baseline at the end of the protocol. The fall in RBF was prevented in the EARLY group, in which RBF first increased above its baseline level and then slightly decreased to \~85% of baseline at the end of the protocol. In the LATE group, fluid resuscitation temporarily restored RBF to its baseline level, after which it decreased to \~70% of baseline.

Renal microcirculatory parameters {#Sec8}
---------------------------------

### Renal microvascular perfusion {#Sec9}

LPS infusion induced a left shift in the perfusion histogram in the LPS group (*D* = 0.7588, *p* \< 0.05) and the LATE group (*D* = 0.7682, *p* \< 0.05). Immediate fluid resuscitation prevented this left shift (*D* = 0.0929, *p* \> 0.05). At the end of the protocol, the perfusion histograms in the EARLY group (*D* = 0.6920, *p* \< 0.05) and the LATE group (*D* = 0.4720, *p* \< 0.05) were shifted right with respect to the histogram in the LPS group. Additionally, the perfusion histograms were shifted right significantly more in the EARLY group than in the LATE group (*D* = 0.4444, *p* \< 0.05) (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Microvascular perfusion histograms in the renal cortex as measured using laser speckle imaging before (baseline) and after 30-min infusion of LPS (*t* = 30 min) and after fluid resuscitation (*t* = 300 min). The LPS group received no fluid resuscitation. In the EARLY group, fluid resuscitation was started simultaneously with LPS infusion. In the LATE group, fluid resuscitation was started with a 2-h delay. At the end of the protocol the perfusion histograms in the EARLY group and the LATE group were shifted right with respect to the histogram in the LPS group. Additionally, the perfusion histograms were shifted right significantly more in the EARLY group than in the LATE group

### Renal microvascular oxygenation {#Sec10}

In contrast to its effect on microvascular perfusion histograms, LPS infusion did not immediately affect the microvascular PO~2~ histograms in the LPS group (*D* = 0.1918, *p* \> 0.05), the EARLY group (*D* = 0.1908, *p* \> 0.05) or the LATE group (*D* = 0.1798, *p* \> 0.05). At the end of the protocol, however, the PO~2~ histograms were all shifted left with respect to baseline (*D* = 0.4461 and *p* \< 0.05 in the LPS group, *D* = 0.3898 and *p* \< 0.05 in the EARLY group, and *D* = 0.2764 and *p* \< 0.05 in the LATE group). No significant differences in oxygenation histograms were found at the end of the protocol between the LPS group, the EARLY group or the LATE group (*D* \< 0.1438, *p* \> 0.05) (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Microvascular oxygen tension (μPO~2~) histograms in the renal cortex as measured using phosphorimetry before (baseline) and after 30-min infusion of LPS (*t* = 30 min) and after fluid resuscitation (*t* = 300 min). The LPS group received no fluid resuscitation. In the EARLY group, fluid resuscitation was started simultaneously with LPS infusion. In the LATE group, fluid resuscitation was started with a 2-h delay. At the end of the protocol, the PO~2~ histograms were all shifted left with respect to baseline in the LPS, LATE, and EARLY groups. No significant differences in perfusion histograms were found at the end of the protocol between the LPS, EARLY, and LATE group

Renal function {#Sec11}
--------------

At the end of the protocol, urine output was 1.1 ± 0.01, 0 ± 0, 2.0 ± 0.5, and 2.4 ± 0.4 ml/h in the SHAM, LPS, EARLY, and LATE groups, respectively. While all rats in the LPS group suffered from AKI as reflected by anuria, fluid resuscitation only partially prevented AKI. Creatinine clearance rates in the EARLY and LATE groups did not differ but were statistically lower compared with the rates in the SHAM group (respectively, 0.96 ± 0.10 and 0.72 ± 0.09 ml/min versus 1.93 ± 0.47 ml/min, *p* \< 0.01).

Systemic inflammation {#Sec12}
---------------------

Infusion of LPS induced marked increase in IL-6, IL-10, and TNF-α plasma levels (see Fig. 5 in ESM). Fluid resuscitation partially prevented the increase in IL-6, IL-10, and TNF-α plasma levels. The efficacy of fluid resuscitation in reducing plasma levels of these proinflammatory cytokines, however, was not dependent on its timing (i.e., no statistically significant differences between the EARLY group and the LATE group).

Renal inflammation {#Sec13}
------------------

LPS infusion induced leukocyte infiltration in both peritubular and glomerular areas (Fig. 6 in ESM) and iNOS expression (Fig. 7 in ESM) as shown by MPO and iNOS staining, respectively. While delayed fluid resuscitation was not effective in reducing leukocyte infiltration and iNOS expression, these parameters were significantly improved by preventing endotoxemia-induced hypotension and renal hypoperfusion with immediate fluid resuscitation.

Discussion {#Sec14}
==========

The purpose of the present study is to investigate the role of renal hypoperfusion in development of renal microcirculatory dysfunction in endotoxemic rats and to test the hypothesis that prevention of endotoxemia-induced hypotension by immediate fluid resuscitation would prevent development of renal microcirculatory dysfunction. To this end, we developed an animal model in which the initial endotoxemia-induced reduction in renal blood flow was prevented by applying an immediate fluid resuscitation regimen in an LPS-induced rat model of endotoxemic shock. We have shown that prevention of renal macrovascular hypoperfusion could not fully prevent renal microcirculatory dysfunction. This indicates that endotoxemia-induced renal microcirculatory dysfunction can exist under conditions of maintained macrovascular perfusion. We have furthermore shown that prevention of hypotension by immediate fluid resuscitation could reduce renal inflammatory activation, but not systemic inflammatory activation, suggesting that endotoxemia-induced hypotension prior to fluid resuscitation leads to an ischemia--reperfusion insult that potentially leads to activation of renal inflammation.

The role of renal hypoperfusion in development of AKI in septic patients remains a matter of debate. The question of whether to give these patients large fluid volume is of paramount importance given the associated increase risk of mortality in patients with AKI and positive fluid balance \[[@CR23], [@CR24]\]. Langenberg et al. have previously reported that AKI could develop despite an increase in renal blood flow in resuscitated septic sheep \[[@CR3]\]. The same group has recently shown that temporary renal hypoperfusion with reduction in renal blood flow to 80% of baseline for 2 h did not result in alterations in renal function or histological features of renal injury \[[@CR4]\]. Johannes et al. found that severe mechanical reduction of renal blood flow did not lead to renal microcirculatory hypoxia. However, they also discovered that LPS-induced reduction in renal blood flow led to hypoxic microcirculatory areas in the renal cortex \[[@CR20]\]. Along these lines, the microcirculation of the renal cortex has been shown to be the severely injured in animal models of sepsis \[[@CR25]--[@CR30]\]. However, none of these studies was designed to isolate those effects of LPS directly related to hemodynamic alterations from those related to direct inflammatory response. In the present study, in contrast, we could show that endotoxemia-induced renal microcirculatory dysfunction can exist while macrovascular perfusion is maintained.

Other animal studies have shown that severe sepsis is characterized by reduction in functional capillary density and increase in blood flow heterogeneity. Goldman et al. showed that increased heterogeneity in skeletal muscle microcirculation could lead to mismatch between local oxygen supply and demand, which resulted in increased dependency of tissue oxygen utilization on the microcirculatory oxygen supply \[[@CR17]\]. Therefore, increasing systemic oxygen delivery to normal or supernormal levels may not improve tissue oxygenation if the microcirculatory perfusion and oxygen supply are not properly distributed in the tissue \[[@CR8], [@CR16], [@CR17], [@CR31], [@CR32]\]. Whether this phenomenon of microcirculatory perfusion heterogeneity in sepsis could apply to the kidney has not been considered previously.

We assessed microvascular perfusion distributions in the renal cortex using LSI and measured cortical microcirculatory oxygenation distributions using phosphorimetry. The advantage of LSI is its ability to provide online mapping of cortical microcirculatory perfusion with high spatial and temporal resolution and to measure perfusion distribution/redistribution in time \[[@CR15]\]. Using these techniques, we found that immediate fluid resuscitation, which was designed to prevent the endotoxemia-induced drop in renal blood flow, was not able to completely prevent occurrence of renal microcirculatory hypoperfusion and hypoxia. However, by means of histogram analysis, we identified that fluid resuscitation did reduce the extent of hypoxia as reflected by the reduced fraction of the first histogram bins.

There is no doubt that fluid resuscitation should be applied as early as possible to prevent AKI. However, our results suggest that completely avoiding renal macrohemodynamic failure does not prevent development of microcirculatory failure. Hence, macrohemodynamic increase in renal blood flow should be differentiated from recruitment of downstream microcirculation. Sepsis-induced microcirculatory dysfunction has been linked to several factors, including vasoconstrictor and vasodilator mediator imbalances, red blood cell and platelet aggregation, and activation of local inflammation \[[@CR9], [@CR33], [@CR34]\]. Hence, sepsis affects several aspects required for proper microvascular function, thereby resulting in significant disturbances in capillary perfusion. Indeed, the results of our study show that renal microcirculatory hypoperfusion and renal hypoxia occur during endotoxemia. In addition, this microcirculatory failure appears to be relatively independent from systemic and renal macrohemodynamics, but arises from intrarenal mechanisms that may be associated with heterogeneity in the microcirculation.

A mechanism potentially responsible for the disassociation between macro- and microcirculatory parameters could be the inadequate resolution of inflammatory activation by just improving systemic hemodynamics. Despite the prevention of hypoperfusion, immediate fluid resuscitation was unable to prevent systemic inflammation. This is possibly combined with a suboptimal fluid composition leading to a disturbed plasma ion levels (e.g., hyperchloremia) and reduced oxygen-carrying capacity. Hence, the hypoperfusion and subsequent reperfusion in the early phase of endotoxemia probably contributes to the pathogenesis of endotoxemia-related AKI by forming an additional hit besides the endotoxemia-induced inflammation.

In the present study, systemic and renal inflammation responded differently to the applied fluid administration protocols. Inflammation in the renal cortex appeared to be partially prevented by immediate fluid resuscitation, as evidenced by both a decrease in leukocyte infiltration and a decrease in iNOS expression in the EARLY group compared with the LATE group. However, neither immediate nor delayed fluid resuscitation was able to prevent activation of the systemic inflammatory response, as indicated by similar increases in plasma cytokine levels (IL-6, IL-10, and TNF-α). The present study, however, does not allow differentiation between those effects directly related to microcirculatory perfusion and oxygenation deficits and those related to inflammatory response, as immediate fluid resuscitation did not translate into an improvement in creatinine clearance in this short study protocol.

We are aware that our study suffers from several limitations inherent to the use of an animal model of endotoxemia. First, endotoxemic models may not reflect all situations encountered in human sepsis and may lack relevance in Gram-positive sepsis. However, it is a calibrated and reproducible model of acute inflammation that involves similar pathways and thus allows us to study the roles of renal hypoperfusion and microcirculatory dysfunction in the pathogenesis of endotoxemia-induced AKI. In this model, flow histograms slightly narrowed and oxygenation histograms slightly shifted left in time, as seen in the SHAM group. This possibly adds to the changes associated by LPS and could contribute to the lack of full recovery of the flow and oxygenation histograms. However, we could still clearly observe the effects of LPS and the differences between immediate and delayed fluid resuscitation. Thus, although the model may be slightly unstable over time, it still allows delineation between those effects of LPS directly related to hemodynamic alterations and those related to direct inflammatory response as reflected by the differences between the EARLY and the LATE group. Extrapolation of this model to clinical scenarios in terms of treatment strategies should be made with utmost caution. Instead, our study should be regarded as adding to understanding of the factors contributing to renal microcirculatory failure. Furthermore, fluid resuscitation here was very early in comparison with resuscitation in clinical scenarios. Another point of concern is that the immediate fluid resuscitation regimen might have led to altered LPS disposition in the kidney compared with the delayed resuscitation regimen. However, the applied resuscitation protocols were required to appropriately address the question of whether preventing endotoxemia-induced renal hypoperfusion would prevent renal microcirculatory failure. Although fluid resuscitation restored urine output in both resuscitated groups, creatinine clearance remained below baseline level, and whether creatinine clearance would improve in time in either of the resuscitation groups remains unidentified due to the short duration of the study protocol. Therefore, the present study only allows assessment of the hemodynamic- and inflammation-related effects of LPS in this short-term rat model of acute endotoxemia. Second, hydroxyl ethyl starches (HES)-based resuscitation strategies are controversial \[[@CR35]\], and an effect of the fluid on kidney injury could not be excluded in the present study. However, only the old generation of high-molecular-weight HES molecules has been reported to be associated with acute renal failure in a dose-dependent fashion. There is no evidence for such an association with the 130/0.4 HES we used in this study. In contrast, low-molecular-weight HES molecules have been shown to have protective effects on microcirculation \[[@CR36], [@CR37]\]. However, in the present study, fluid resuscitation with HES-based solution led to reduction of renal microcirculatory failure and inflammation compared with nonresuscitated group. Third, changes in creatinine clearance as an index of glomerular filtration should only be regarded as a gross indicator of renal function in sepsis, which is an accepted indicator of renal function as described by the AKIN and RIFLE criteria. As more sensitive markers would be desirable, novel biomarkers are currently under investigation (e.g., neutrophil gelatinase-associated lipocalin and fatty acid binding protein), but the significance of their detection in the context of endotoxemia is a matter of concern \[[@CR38], [@CR39]\]. Fourth, without additional data on mitochondrial function or cell viability it is unclear whether the observed alterations in the renal microcirculation were a primary or secondary cause of renal failure.

Conclusions {#Sec15}
===========

The present study shows that LPS-induced endotoxemia can induce alterations in microvascular perfusion and oxygenation in the renal cortex in rats, which appear to be weakly dependent on systemic and renal macrohemodynamics. Prevention of endotoxemia-induced hypotension by immediate fluid resuscitation did not prevent systemic inflammation activation (as indicated by IL-6, IL-10, and TNF-α plasma levels) but did reduce renal inflammation (as indicated by iNOS expression and glomerular leukocyte infiltration). However, this did not result in improved renal microcirculatory function. This renal microcirculatory failure may partially explain why renal failure progresses even after (immediate) correction of endotoxemic hypotension.
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